Tomato is one of the most widely consumed fresh vegetables in the industrialized world and an important source of healthy constituents of the human diet. Despite the unique flavor characteristics of tomatoes, which make them extremely valuable in cooking, and their recognized beneficial role in the diet, the quality of tomato was traditionally only considered in connection to external appearances. As it happened with other highly requested crops, breeding programs of tomato focused their efforts on developing new varieties with higher yields and stress resistance, with better uniformity in fruit size, brighter color and prolonged shelf life. The downside of these strategies was that organoleptic features and nutritional value were often neglected, with a detrimental effect on commercial tomatoes. Over the last years, there has been an increase in consumers' demand for tasty and healthy products. This aspect, paired with novel and multidisciplinary approaches to tomato research, allowed both sensory and nutritional qualities to be reconsidered as valuable parameters in breeding. In this review we describe the main chemical constituents of tomato, focusing on the flavor compounds (both volatile and non-volatile compounds) and secondary metabolites. Particular attention is paid to their beneficial effects on human health and their relevance to the overall quality of tomato.
The tomato plant (Solanum lycopersicum L.) is a member of the Solanaceae, a family that also includes eggplant, pepper and potato plants [1] . The origins of this species, and of its wild relatives, go back to the Andean region of South America [1, 2] . The word "tomato" derive from the Aztecan "xitomatl" meaning "the swelling fruit". In fact, although its fruit is culinary considered a vegetable, tomato is botanically a berry [3] .
Over the centuries, intensive domestication and breeding activities have aimed at improving agronomic traits such as yield, fruit size, color and shape, firmness for mechanical harvest, lack of defects and disease resistance. These strategies, while strongly increasing the productivity of this crop, have reduced genetic diversity and proved detrimental to the nutritional and sensory quality of modern commercial varieties, often perceived as less tasteful by consumers [1, 2, 4] .
Nowadays, tomato is one of the most valuable vegetable crops worldwide, with an annual production of more than 160 million tons in 2013 [5] . It also serves as an important model organism for fleshy fruit biology, as well as for genetic improvement of all solanaceous crops [1, 6, 7] . A milestone of genetic studies in this area was the release of a high-quality genomic sequence of domesticated tomato and of a draft sequence of its closest wild relative, Solanum pimpinellifolium [8] . Tomatoes are also considered beneficial for health, due to being low in fat content and calories, free of cholesterol, as well as a good source of fiber and natural antioxidants including vitamins, carotenoids and phenols. It has been shown that tomato consumption plays a protective role in the prevention of chronic degenerative diseases such as cancer, cardiovascular and neurodegenerative pathologies [9] [10] [11] .
The nutritional value of tomato, as well as its taste and flavor, are essentially determined by its chemical composition, which in turn depends on environmental and agronomic factors, such as cultivation area, variety, ripening stage at harvest and fertilization [12] [13] [14] . This review provides an overview of the chemical constituents of tomato, with particular regard to flavor compounds (volatile and non-volatile taste-active components) and to secondary metabolites (carotenoids, polyphenols and glycoalkaloids).
For recent reviews on the regulation and function of tomato secondary metabolism and on the chemoprotective characteristics of tomato carotenoids and polyphenols, see refs. [15] and [16] , respectively. The technical approaches used to characterize the tomato metabolome have been also recently reviewed [17] .
Flavor
Tomato flavor results from a combination of the activity of volatiles and soluble/matrix-associated compounds.
Volatiles:
In the past, many researches led to the development of extraction and analysis techniques useful to provide a detailed profile of volatiles from tomatoes. The early qualitative studies allowed the first identification of volatiles present in the tomato fruits [18] as well as the evidences for modifications induced by technological transformation processes [19] [20] [21] . These volatiles include acyclic, cyclic, and heterocyclic hydrocarbons, alcohols, phenols, ethers, aldehydes, ketones, carboxylic acids, esters, and lactones, as well as nitrogen, sulfur, and halogen-containing compounds. Among them most of these studies identified a bulk of commonly recurring molecules, such as 1-penten-3-one, hexanal, cis-3-hexenal, trans-2-hexenal, 1-penten-3-ol, 3-methylbutanol, cis-3-hexen-1-ol, 2-isobutylthiazole, trans-2-heptenal, 6-methyl-5-hepten-2-one, 6-methyl-5-hepten-2-ol, methyl salicylate, geranyl acetone and phenyl ethanol (Figure 1 ) [22] [23] [24] [25] [26] . Paolo et al.
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In the quest for the characterization of tomato aroma as well of its impact on consumers' preferences other approaches led to important advances. In a study by Dirinck and co-workers, the quality of different samples of fresh tomatoes, evaluated by a panel, was linked to the occurrence and concentration of previously identified compounds [27] . Other investigations were based on the quantification of aroma compounds, to identify the volatiles whose concentrations is above their olfactory threshold [22, 28, 29] , which is the lowest concentration of a compound that can be perceived by the human nose [23, 30] . Interestingly, concentrations of identified volatiles differ in the ripe fruit of many orders of magnitude (from µg g -1 of fresh weight (fw) of hexanal to ng g -1 fw of -ionone).
More recently, an analysis of vine-ripe Italian tomatoes better defined the role of known molecules in the aroma profile of tomatoes: (Z)-3-hexenal (for the grassy sensation), trans-4,5-epoxy-(E)-2-decenal (metallic), 3-(methylthio)propanal (potato-like aroma) and 4-hydroxy-2,5-dimethyl-3(2H)-furanone (caramel-like). The same study also provided for the first time insights into the contribution of two molecules previously unknown as food constituents, the wine lactone ((3S,3aS,7aR)-3a,4,5,7a-tetrahydro-3,6-dimethylbenzofuran-2(3H)-one, coconut/dill-like) ( Figure 1 ) and a methyl-2-ethoxytetrahydropyran (fruity, almond-like) [31] .
It is worth mentioning, however, that the presence of a molecule, regardless of its concentration, does not mean that it significantly contributes to flavor or liking, since concentration and olfactory thresholds of individual volatiles cannot account for synergistic and antagonistic interactions with other molecules, that occur in complex foods such as tomato [32] . Therefore, the identification of character impact compounds, (i.e. the ones that define the characteristic aroma of tomato) or contributory compounds (enhancers of aroma complexity) is still a crucial issue.
There is an increasing demand of better-tasting tomatoes which is paired with ongoing breeding efforts towards production of genotypes with improved sensory qualities and with multidisciplinary approaches to sensory characterization of this fruits [33, 34] . In this context, even though many of the genes involved in volatile biosynthesis are still unknown, recent breakthroughs allowed a significant progress in understanding metabolic pathways crucial in the determination of aroma [35, 36] .
Fatty acid derivatives:
This class of compounds includes C 6 aldehydes and alcohols, characterized by a "green" aroma of fresh cut grass. In tomato their production increases with ripening, due to the decreased integrity of cellular membranes [37] . Fatty acids, accumulated in plants as acylglycerides, are subsequently liberated by a lipase and rapidly catabolized, preferentially through the lipoxygenase (LOX) pathway. This metabolic route, which is the most important for volatile production in tomato, involves mainly C 18 linolenic acid and, to a lesser extent, linoleic acid as substrates leading to the production of (Z)-3-hexenal and hexanal, respectively. The synthesis of (Z)-3-hexenal can be followed by the isomeric conversion into (E)-2-hexenal, either by means of a 3Z, 2E-enal isomerase or non-enzymatically [38] . The aldehydes produced from the LOX activity can be reduced to alcohols by alcohol dehydrogenases (ADHs), producing C 6 alcohols like (Z)-3-hexenol and hexanol [39] .
Amino acid derivatives:
This class comprises phenolic and branched-chain compounds. The main C 6 -C 2 phenolic compounds, 2-phenylethanol, phenylacetaldehyde and benzaldehyde, carry a floral aroma. The biosynthesis of 2-phenylethanol, whose action has been described as enhancer of floral aroma and of the perception of sweetness in tomato [40] , depends on the enzymes encoded by AADC1A, AADC1B and AADC2 genes, previously characterized [41] . The phenylpropanoid branch of phenylalanine metabolism produces C 6 -C 3 volatiles by means of a phenylalanine-ammonia lyase (PAL) producing (E)-cinnamic acid, transformed in phenolic volatiles such as eugenol and guaiacol through the pathway of lignin biosynthesis [42] . Branched-chain compounds include 3-and 2-methylbutanal, 3-methylbutanol and 2-isobutylthiazole. Biosynthesis of these compounds in fruits has not yet been completely elucidated, although recent studies indicated that in tomato they are derived from -ketoacids rather than from amino acids [43] . Terpenoids: Monoterpenoids (C 10 ) and sesquiterpenoids (C 15 ) are abundant in the vegetative tissues of tomato plants, and only some of them (mainly linalool, limonene and -terpineol) occur in ripe fruits, with negligible impact on aroma profile. They derive from geranyl diphosphate (GPP) and farnesyl diphosphate (FPP), respectively, via diverse terpene cyclases/synthases activities [44, 45] . The oxidative cleavage of carotenoids (C 40 terpenoids), catalyzed mainly by the dioxygenases LeCCD1A and LeCCD1B, produces the apocarotenoids, accumulated in ripe fruits [35] . Apocarotenoid volatiles carry sweet/floral odor notes and they improve acceptability of tomato flavor [46] . The above-mentioned enzymes cleave both cyclic and linear carotenoids, producing C 13 volatiles such as -ionone, geranyl acetone and pseudoionone [47] . The most abundant compounds of this class, significant contributors to the tomato aroma, are the C 8 ketone 6-methyl-5-hepten-2-one and the C 10 aldehyde geranial, derived from the open-chain carotenoids phytofluoene and lycopene ( Figure 1 ) [23, 48] .
Non-volatiles:
Beside volatiles, affecting the aroma, water soluble cellular constituents (i.e. sugars, organic acids, free amino acids and salts) are essential in determining the overall sensory quality of tomato. These non-volatile molecules, responsible for the tomato taste, define, alone or in synergy, the five basic taste categories: sweet, sour, salty, bitter and umami [49, 50] .
Sugars:
In tomato, sugars are among the major molecules responsible for overall fruit quality, acting as the main determinants of the sweet taste. Total sugar content depends on various factors, such as genotype and ripening stage [51] [52] [53] , and it generally accounts for 50-65% of total solids of the fruit [53] [54] [55] . Polysaccharides comprise about 0.7% of tomato juice, with pectins, arabinogalactans, xylans and cellulose being the main constituents of this fraction [3] . Soluble and reducing sugars, in particular glucose and fructose, account for the rest of the carbohydrates in the fruit. The levels of glucose and fructose, despite remaining similar among each other [3, 56] , increase during ripening, reaching levels around 10-30 g kg -1 of fw in red fruits. Such an effect is due to invertase enzymatic activity, which breaks down sucrose in Dglucose and D-fructose [57] . For this reason, an increase in the Beneficial effects on human health and their relevance to the quality of tomato Natural Product Communications Vol. 13 (9) 2018 1227 levels of fructose and glucose is paired with a decrease in sucrose, which is only present in low concentration in ripe fruits. Among the other sugars, raffinose, glucose 6-phosphate, mannitol and sorbitol are only present in traces [58] .
Organic acids: Besides sugars, organic acids are the other major components that account for total solids in tomato [59] . Depending on their concentration and pK a , organic acids contribute to various extent to the acidity of the tomato, influencing the sour taste of the fruits. In this regard, the sugar/acid ratio plays a crucial role in determining the acceptability of tomatoes to consumers' taste [60] . Moreover, in depth characterization of organic acids of tomatoes serves as a valuable tool in the evaluation of product quality during the whole processing pipeline. From a physiological perspective, these molecules have important roles in many metabolic routes, above all the Krebs cycle [61] . With the onset of ripening, the acidity of the fruit decreases due to reduced levels of organic acids, which are either used as respiratory substrates or converted to sugars [62] . Citric acid is the most abundant organic acid in tomatoes with some malic acid also present [52] . It is a marker of the antioxidant properties of tomato, due to its chelating action towards metal ions [61] . In modern food industry, safety regulations require tomato-derived products to be acidified to pH 4.6 or lower, mainly through addition of citric acid, to prevent the growth of Clostridium botulinum [63] . Malic acid is instead used to evaluate the freshness of fruits, as its concentration increases throughout the storage period [64] . Other organic acids are present in minor amounts in tomato juice, including acetic, lactic, trans-aconitic, fumaric, succinic, citramalic and pyroglutamic acids. Variation in the amounts of the above-mentioned compounds, as well as the production of other carboxylic acids, can occur during technological processing of tomato [65] . In this regard, pyroglutamic acid, derived from glutamine, while also detected in fresh ripe tomatoes [66] , is a well-known marker for thermal treatments [67] . The analysis of organic acids is also a crucial chemical parameter both for marketing and biological safety of fresh tomatoes and of their derived product. For example, lactic and acetic acids (detectable in traces in fresh tomatoes) are fermentation indicators that might reveal bacterial contamination, and trans-aconitic acid levels, naturally low in fresh products, could increase due to dehydration of citric acid in post-harvest [68] .
Umami compounds: Umami, often referred to as "savory" taste, is one of the five taste categories. Although not palatable by itself, umami contributes to perceiving a great variety of foods as pleasant by improving their overall palatability [69, 70] .
Glutamate, the prototypical umami substance, is one of the major constituent of both vegetal and animal proteins and it is present in free form in many foods, including tomato [71] . The concentration of free glutamate in tomato is higher than in many vegetables traditionally used as ingredients in western cuisine such as potatoes, asparagus, peas, and it increases significantly up to 8 timesduring ripening and after cooking [71] [72] [73] . Moreover, the levels of free glutamate in ripe tomato fruits are higher in cultivated varieties than in wild ones. This finding suggests that improving the umami-taste might have been one of selection traits in the domestication of tomato [71, 73] .
In addition to glutamate, other umami-compounds showing flavor enhancing activity are some 5'-ribonucleotides, in particular inosine 5'-monophosphate (IMP), guanosine 5'-monophosphate (GMP) and adenosine 5'-monophosphate (AMP) [70, 74] . IMP is found primarily in meat and fish, whereas GMP is more abundant in plants. AMP, the major nucleotide in tomato, occurs widely in foods, especially in seafood and it is characterized by a lower taste activity than IMP and GMP [74] . It has been found that the inner pulp of tomato contains up to 11 times the concentration of umamicoumpounds (glutamate and AMP) than the outer flesh, thus providing an explanation for the perceived differences in umami taste between these parts of tomatoes [74] .
A well-documented synergistic interaction occurs between glutamate and 5′-ribonucleotides in potentiating the umamicharacter. Such interaction gives rise to amplified and lingering taste sensations, and it has been widely exploited in food industry [70, 75] . That is why tomatoes as many other foods containing large amount of glutamate and 5'-ribonucleotides are traditionally used as ingredients to enhance the flavor, mouthfulness and palatability of savory dishes [71, 74] .
Secondary metabolites
Tomato fruits are known to produce a wide variety of secondary metabolites mainly carotenoids, polyphenols, and alkaloids. Carotenoids: Both carotenes and their oxygenated derivatives, xanthophylls, have been identified in tomato, being lutein the main carotenoid present in the leaf tissues, violaxanthin and neoxanthin in the flowers [76, 77] . Lycopene is the major carotenoid of tomato fruit, responsible for its red coloration [78, 79] , along with lesser amounts of -, β-, γ-and -carotene and lutein. Some colorless intermediates of the carotenoid biosynthetic pathway i.e. phytoene, phytofluene and neurosporene, are also present [76, 80] .
Depending on the genotype, environmental conditions and other factors, lycopene concentrations in ripe fruits of standard tomato cultivars range from 7.8 to 18.1 mg 100 g -1 of fw, while the concentration of β-carotene, the second main colored carotenoid present in tomato, is significantly lower, up to 1.2 mg 100 g -1 of fw [81, 82] (Figure 2 ).
Ripening of tomatoes is characterized by a change of fruit color from green to red, paired with substantial increase in carotenoid level (mainly lycopene). Such a change in pigmentation, associated with the degradation of chlorophylls and the shift of the carotenoid composition from leaf-like xanthophylls to carotenes [83] , is caused by the increased expression of genes involved in isoprenoid biosynthesis, in particular the one encoding 1-deoxy-D-xylulose 5-phosphate synthase. This enzyme the first in the carotenoid biosynthetic pathway was demonstrated to have a key regulatory role in lycopene accumulation during early fruit ripening [84] .
As epidemiological studies have suggested a link between the consumption of tomatoes and tomato-based products and a decreased risk of chronic diseases [9, 76, 78, 85, 86] , the stability and bioavailability of tomato carotenoids in the course of various processing and storage treatments as well as in the digestion process has been intensively investigated [87] [88] [89] .
Due to its properties, lycopene is emerging as a valued antioxidant and health-promoting ingredient and there is a growing demand of this carotene in pharmaceutical, food and cosmetic industry [90] . Lycopene can be produced by extraction from fresh tomato fruits grown specifically for this purpose. Alternatively, it can be extracted from tomato-processing waste, generally called tomato pomace, constituted mostly by tomato skins and seeds, in a proportion depending on the specific process from which it is generated [91, 92] . It has been reported that the carotenoid content in dry tomato waste amounted to 793.2 and 157.9 µg g -1 for peel and seed by-products, respectively [93] . Currently, tomato pomace up to 3% by weight of the fresh processed product is either discarded or used as animal feed and often it represents an added cost for manufacturing companies because of the disposal processes. Due to the abundance of lycopene (at the end of ripening lycopene levels in the skin are about five times higher than in the pulp), tomato pomace represents a promising, sustainable, and low-cost alternative source of lycopene. Several methods to optimize the selective recovery of carotenoids from tomato waste are currently under investigation [90] [91] [92] 94] . Polyphenols: Tomatoes contain a large number of polyphenols: more than 170 phenolic compounds have been identified using chromatographic methods and, more recently, MS-based metabolomics approaches [95, 96] . Only in few cases the structures of tomato phenols have been confirmed by NMR spectroscopy. The available data are accessible via the two databases MoTo (http://appliedbioinformatics.wur.nl/moto) [97] and KomicMarket (http://webs2.kazusa.or.jp/komicmarket/) [98] . For a comprehensive compilation of the various flavonoids and phenolic compounds from different tomato cultivars see ref. [96] .
Polyphenols are present in tomato at a lower concentration than carotenoids and are mainly constituted by flavonoids including dihydrochalcones, chalcones, flavanones, flavonols, anthocyanins, and phenylpropanoids [12, 14, 96, 99, 100] . Rutin (quercetin 3-Orutinoside) was the first flavonoid identified in tomato fruits, back in the 1930s, followed by naringenin and quercitrin (quercetin 3-Orhamnoside) in 1968 [14] . Naringenin, naringenin chalcone (the main polyphenol found in tomato), quercetin, kaempferol and their variously glycosylated derivatives have also been identified [96] ( Figure 3) . The total flavonoid content of different tomato cultivars was found to vary from 4 to 26 mg 100 g -1 of fw, with naringenin chalcone contributing from 35 to 71% of this total [100] .
Flavonoid accumulation in the fruit is almost entirely (98%) restricted to the peel, due to the lack of expression of the genes involved inthe flavonoid pathway in the flesh [99, 100] .
Besides flavonoids, a range of hydroxycinnamic acids (coumaric, ferulic and caffeic acids) and their conjugates with sugars (mainly glucose) and quinic acid have been reported in both skin and pulp. Three isomers of caffeoylquinic acid were identified in all tomato tissues as well as isomers of di-and tricaffeoylquinic acids [101] . It is worth noting that despite the importance of polyphenols in human health and disease (cf.the strong anti-allergic activity of naringenin chalcone [102] ), our understanding of the genetic and metabolic network regulating the accumulation of these compounds in tomato fruit is still incomplete [99] .
Steroidal glycoalkaloids:
The steroidal glycoalkaloids (SGAs), also known as solanum alkaloids, are characteristic secondary metabolites of plants belonging to the Solanaceae family. They are stored in all plant tissues, including leaves, roots, flowers, fruits (e.g. in tomato and eggplant) and tubers (e.g. in potato) [103] . More than 75 aglycone structures (alkamines) are known, consisting of a C 27 cholestane skeleton with additional nitrogen-containing rings or groups that impart basicity [104, 105] . The sugar moieties, that are fundamentalfor the biological activity of these molecules, are constituted by oligosaccharides comprising up to five monosaccharide units and are usually attached to the 3-OH, giving amphiphilic character to the molecule. This feature is involved in the fundamental molecular-cellular mechanisms of SGAs action such as disruption of cell membranes [104, 106] .
Using recently developed LC-MS metabolome platforms, over 100 SGAs have been identified in various tomato tissues [97, 98] .
The tomato glycoalkaloid known as tomatine was first isolated in 1948 and later found to be a mixture of two glycoalkaloids, α-tomatine and dehydrotomatine (Figure 4) [106] . The aglycones of both these compounds (tomatidine and tomatidenol, respectively) have a spirosolane ring characterized by an oxa-azaspirodecane system whereas lycotetraose represents the glycosidic portion. -Tomatine can also be found in at least 15 other Solanum species [11, 104] . Two additional steroidal alkaloid glycosides, named esculeoside A and esculeoside B, having a spirosolane and a solanocapsine skeleton, respectively, were isolated more recently from ripe tomatoes [107] .
In fruits of the cultivated tomato, tomatine is present at high levels in early developmental stages (up to 500 mg per kg of dry weight). The tomatine content drastically decreases in ripe fruits (about 5 mg/kg) [108] due to its conversion into esculeosides via hydroxylation and glycosylation reactions [103, 109] . Changes in the level of α-tomatine and dehydrotomatine during ripening of tomato have been extensively investigated and found to be dependent on the cultivar, tissue, growth conditions and growing region [109] . The involvement of the ripening-inducing phytohormone ethylene in the accumulation of escluleoside A was also demonstrated [109] .
SGAs have been extensively investigated for their diverse biological activities. They are known to be involved in the defense of the plants against phytopathogens and they have been shown to exhibit toxicity against a variety of organisms, from fungi to humans [104, 106, 108] . On the other hand, they have been reported to have potential health-promoting functions in particular anticancer, anti-cholesterol and anti-infiammatory actions. Due to the dual character of their biological activities and to their wide occurrence in the human diet, more studies are required to better understand the role of these compounds in the quality and safety of tomato and of tomato derived products [104, 106, 108] . 
